Oligodeoxyribonucleotides containing CpG dinucleotides (CpG DNAs) are currently being evaluated as novel immunomodulators in clinical trials. Recently, we showed that an accessible 5¢ end is required for immunostimulatory activity and blocking the 5¢ end of CpG DNA by conjugation of certain ligands abrogates immunostimulatory activity. Based on these results, we designed and synthesized 3¢±3¢-linked CpG DNAs that contained two or more identical CpG DNA segments, referred to here as`immunomers'. The use of solid support bearing diDMT-glyceryl-linker permitted convenient synthesis of immunomers with both segments synthesized simultaneously, giving better yields and purity. The in vitro and in vivo studies suggest that as a result of accessibility to two 5¢ ends for recognition, immunomers show an enhanced immunostimulatory activity compared with linear CpG DNAs. We also studied the suitability of a number of different linkers for attaching the two segments of immunomers. A C3-linker was found to be optimal for joining the two segments of immunomers. Incorporation of multiple linkers between the two segments of immunomers resulted in different cytokine pro®les depending on the nature and number of linkers incorporated. Additionally, the length of immunomer also plays a signi®cant role in inducing immune responses. An immunomer containing 11 nt in each segment showed the highest activity and an 11mer linear CpG DNA failed to stimulate an immune response. These results suggest that immunomers have several advantages over conventional linear CpG DNAs for immunomodulatory activity studies.
INTRODUCTION
The presence of CpG dinucleotides in certain sequence contexts in bacterial and synthetic oligonucleotides (CpG DNAs) are known to activate vertebrate innate immune system cells and B cells (1± 4). The activation of immune cells by CpG DNA induces secretion of a myriad of cytokines, including IL-6, IL-12, TNF-a and IFN-g, and stimulates expression of co-stimulatory surface molecules (5±8). The presence of a CpG dinucleotide and the sequences¯anking it play a critical role in determining the immunostimulatory activity of CpG DNAs (3,9±11) . The use of CpG DNAs as antitumor, anti-infectious, anti-asthmatic and anti-in¯amma-tory agents, and as adjuvants in immunotherapy has been reported (12±14).
Evidence suggests that TLR9, a molecular pattern recognition receptor, recognizes CpG dinucleotides present in DNA and activates intracellular immune signaling pathways (15) . Substitution of C and G nucleotides in a CpG dinucleotide with ribonucleotides or 2¢-O-alkyl substituted ribonucleotides neutralizes immune responses, suggesting that the receptor has high speci®city for deoxyribonucleotides in a CpG dinucleotide (16) . Our laboratory has been studying sequence and structural changes in CpG DNA that might potentiate or neutralize immunostimulatory activities in a predictable fashion (17) . In addition, these studies could lead to the understanding of the molecular basis of recognition between CpG DNA and its receptor(s). Our studies have shown a number of critical structural and functional group requirements of the pentose sugar (16,18±20) , phosphate backbone (16, 21) and nucleobases (22) for the immunostimulatory activity of CpG DNA. Moreover, we demonstrated the importance of functional groups on cytosine and guanine required for receptor recognition by substitution of natural cytosine and guanine with synthetic pyrimidine and purine bases in a CpG dinucleotide, thereby introducing synthetic motifs referred to as YpG and CpR motifs (23) .
nature and length of linker required for tethering CpG DNAs and report the optimal length of the immunomers required for immunostimulatory activity.
MATERIALS AND METHODS

CpG DNA and immunomer synthesis and puri®cation
CpG DNAs and immunomers were synthesized on a 1±2 mmol scale using b-cyanoethylphosphoramidite chemistry on a PerSeptive Biosystem's 8909 Expedite DNA synthesizer as described earlier (24±27). The 3¢-phosphoramidites of dA, dG, dC and T were obtained from PE Biosystems. The 5¢-phosphoramidites of dA, dG, dC, and T were obtained from Glen Research Corporation. DiDMT protected glyceryl linker attached to CPG-solid-support was obtained from ChemGenes. Symmetric doubler (long linker, 3) phosphoramidite was obtained from Glen Research Corporation. Beaucage reagent was used as an oxidant to obtain the phosphorothioate backbone modi®cation (28) . After the synthesis, immunomers were deprotected using standard protocols, puri®ed by HPLC and dialyzed against United States Pharmacopea quality sterile water for irrigation (Braun). The immunomers were lyophilized and dissolved again in distilled water and the concentrations were determined by measuring the UV absorbance at 260 nm (29) . All the immunomers synthesized were characterized by CGE and MALDI±TOF mass spectrometry (Applied Biosystem's Voyager-DEÔ STR BiospectrometryÔ Workstation) for purity and molecular mass (Table 1) , respectively. The purity of full-length immunomers ranged from 89 to 95% with the rest being shorter by one or two nucleotides (n±1 and n±2) as determined by CGE and/or denaturing PAGE.
Cell culture conditions and reagents
Spleen cells from 4±8 week old BALB/c mice were cultured in RPMI complete medium as described earlier (16, 30) . Murine macrophage-like cells, J774 (American Type Culture Collection, Rockville, MD), were cultured in Dulbecco's modi®ed Eagles medium supplemented with 10% (v/v) FCS and antibiotics (100 IU/ml of penicillin G/streptomycin). All other culture reagents were purchased from Mediatech (Gaithersburg, MD).
ELISAs for IL-12, IFN-g, IL-10, TNF-a and IL-6 BALB/c mouse spleen or J774 cells were plated in 24-well dishes at a density of 5 Q 10 6 or 1 Q 10 6 cells/ml, respectively. The CpG DNA dissolved in TE buffer (10 mM Tris±HCl pH 7.5, 1 mM EDTA) was added to mouse spleen cell cultures to give ®nal concentrations of 0.03, 0.1, 0.3, 1.0, 3.0 or 10.0 mg/ml. With J774 cell cultures, ®nal concentrations of CpG DNA were 1.0, 3.0 or 10.0 mg/ml. The cells were then incubated at 37°C for 24 h and the supernatants were collected for ELISAs. The experiments with each CpG DNA were repeated two or three times using triplicates of each concentration. The secretion of IL-12, IFN-g, IL-10, TNF-a 
Mouse splenomegaly assay
Female BALB/c mice (4±6 weeks, 19±21 g) were divided into groups of three mice. CpG DNAs were dissolved in sterile PBS and administered subcutaneously (SC) to mice at a dose of 5 mg/kg. After 4 days, mice were sacri®ced and the spleens were harvested and weighed.
Preparation of J774 cell nuclear extracts and EMSA For NF-kB activation studies, J774 cells were plated at a density of 5 Q 10 6 cells/well in six-well plates and nuclear extracts were prepared as described earlier (31) . Brie¯y, after stimulation of J774 cells for 1 h with CpG DNAs at a concentration of 10 mg/ml, cells were washed three times in ice-cold PBS, harvested, and suspended in 0.24 ml of buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT and protease inhibitor cocktail) (Boehringer-Mannheim) and allowed to swell on ice for 15 min. Then 16 ml of 10% Nonidet-P40 was added and the tubes were vortexed vigorously for 10 s. Nuclei were separated from cytosol by centrifugation at 500 g for 5 min and were resuspended in 60 ml of buffer B (20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA and protease inhibitor cocktail). After 30 min at 4°C, lysates were separated by centrifugation (14 000 g, 10 min) and supernatants containing nuclear proteins were transferred to new vials. Protein concentrations were determined (32) and the samples were either used immediately or stored frozen at ±70°C. The oligonucleotide probe d(AGTTGAGGGGACTTTC-CCAGGC) containing the kB binding motif was end-labeled with [g-32 P]ATP using T4 polynucleotide kinase (Invitrogen) and puri®ed over two successive G-50 mini columns (Amersham-Pharmacia Biotech). Reaction mixtures (25 ml) containing 10 mg of nuclear protein, 5 mM Tris pH 7.5, 100 mM NaCl, 1 mM DTT, 1 mM EDTA, 4% glycerol (v/v) and 0.08 mg/ml salmon sperm DNA were preincubated on ice for 15 min. Then, 1 Q 10 6 c.p.m. of the probe was added and the binding reaction was allowed to proceed for 20 min at room temperature. DNA±protein complexes were then resolved in a 6% native polyacrylamide gel in TBE buffer (22.5 mM Tris, 22.5 mM boric acid and 0.5 mM EDTA, pH 8.3) at 140 V for 2±3 h. Gels were dried and exposed to Kodak Biomax MR ®lm at ±70°C. Films were scanned and the images were processed using Adobe imaging software.
RESULTS
Design and synthesis of immunomers
An 18mer CpG DNA sequence 10, which has a`GACGTT' hexameric motif, was used in the present study (Table 1 ). This sequence has been shown to induce immunostimulatory activity in mice in earlier studies (21, 22) . The immunomers used in the present study contain two identical segments that are tethered through their 3¢ends via a non-nucleoside linker or a phosphorothioate linkage (see Fig. 1A for linkers used in the study). Since they contain two identical sequence segments (Fig. 1A) , they can be synthesized on an automated DNA synthesizer using two different synthetic strategies, referred to here as linear and parallel synthesis (Fig. 1B) . In a linear synthetic strategy, as reported earlier, synthesis is started from one end of the immunomer using a solid support linked 5¢-nucleoside and nucleoside-5¢-b-cyanoethylphosphoramidites (24±27). When the synthesis of ®rst oligonucleotide segment is complete, it is coupled with a DMT-protected-b-cyanoethylphosphoramidite derivatized linker and the synthesis is continued using nucleoside-3¢-b-cyanoethylphosphoramidites to construct the second segment. The second oligonucleotide segment could be identical or different from the ®rst segment in terms of its length, base composition and/or chemical modi®cations incorporated. In the present study, however, we used identical sequences and modi®cations in both the segments of immunomers 27±37 (Table 1) , which are synthesized using linear synthesis strategy (route i, Fig. 1B) .
Alternately, immunomers containing identical sequence segments can be synthesized using a parallel synthesis strategy as shown in Figure 1B (routes ii and iii). This strategy requires a solid support derivatized with a linker having two reactive sites protected with DMT (route iii, Fig. 1B ) or its corresponding phosphoramidite (route ii, Fig. 1B ). This enables simultaneous synthesis of two identical sequence segments using nucleoside-3¢-(or 5¢-)b-cyanoethylphosphoramidites. Parallel synthesis of immunomers has certain advantages over linear synthesis: (i) it permits incorporation of two or more identical sequence segments; (ii) the segments are synthesized concurrently, thereby halving the number of synthetic steps and the time required; and (iii) with fewer synthetic cycles, the yield and purity of the ®nal product improves. Immunomers 11±13, 15, 16 and 20±26 (Table 1) were synthesized using the parallel synthesis strategy. Out of the immunomers synthesized by parallel synthesis strategy, immunomers 11±13 and 16 were synthesized using 5¢-nucleoside attached solid support and diDMT-protected linker phosphoramidite (route ii, Fig. 1B ). Note that immunomer 13 contains three identical oligonucleotide segments. The remaining immunomers, 15 and 20±26 were synthesized using solid support bearing diDMT glyceryl linker (route iii, Fig 1B) .
Effect of a linker on immunostimulatory activity of immunomers
Previously, we showed that immunomers having the two segments 3¢±3¢-linked through a phosphorothioate group (1) are more immunostimulatory than those 5¢±5¢-linked (24, 25) . To examine the effect of different length linkers, we synthesized two immunomers 11 and 12 incorporating linkers 2 and 3 (Table 1) , respectively. Their immunostimulatory activities were determined by induction of cytokines IL-12, IL-6 and IL-10 secretion in BALB/c mouse spleen cell cultures. Both immunomers 11 and 12 induced higher levels of IL-12 and IL-6, but similar levels of IL-10, compared with its parent CpG DNA 10 at a concentration of 1.0 mg/ml (Fig. 2) . These results suggest that neither of these linkers interfered with activity of immunomers. Immunomer 13, which has three identical 18mer segments branching from the same linker (a`Y'-shaped molecule), produced similar or slightly lower levels of cytokine secretion compared with CpG DNA 10 (data not shown), suggesting that more than two segments do not enhance activity. We, therefore, used immunomers containing two identical sequence segments in all subsequent studies.
To examine whether each segment of immunomer should have the same length as that of CpG DNA 10 (18 nt), we synthesized immunomers 15 and 16 (Table 1) with linkers 2 and 3, respectively, but with each sequence segment containing 14 nt, and studied immunostimulatory activity in BALB/c mouse spleen cell cultures. As shown in Figure 2 , immunomer 15 induced similar levels of IL-12 and lower levels of IL-6 compared with immunomer 11 at a concentration of 1.0 mg/ml. In contrast, truncated immunomer 16, which contained a longer linker 3, induced lower IL-12 and higher IL-6 compared with immunomer 12 at the same concentration ( Fig. 2A and B) . Both immunomers 15 and 16 produced higher levels of IL-10 compared with 11 and 12, respectively (Fig. 2C) . As these results suggested that immunomer length affects its activity, we carried out a systematic study to ®nd the optimal length.
Effect of length of immunomer on immunostimulatory activity
Immunomers 11 and 12, with segments of 18 nt, were compared with 20±25 (Table 1) having shorter segments of 8±14 nt. Immunomers 20±25 contain glyceryl-linker 2 that, Table 2 shows the concentration-dependent induction of IL-12 and IL-6 secretion by immunomers 15 and 20±24 in BALB/ c mouse spleen cell cultures. In general, a trend of increased secretion of IL-12 and IL-6 was observed as immunomer length reduced from 14 nt (15) to 11 nt (22) in repeat experiments. However, immunomer 20 showed a lower activity in this particular assay compared with 15. Further reduction, to 10 nt or less, resulted in a decreased cytokine secretion compared with 11mer immunomer 22, but maintained a similar or higher activity compared with 18mer parent CpG DNA 10 ( Table 2) . Similar results were observed with IFN-g secretion in BALB/c mouse spleen cell cultures (Fig. 3A) . However, a different pro®le was found for TNF-a secretion (Fig. 3B) . TNF-a secretion increased as chainlengths decreased from 18mer (11) to 13mer (20) , dropped as the length decreased further to 12mer (21) and 11mer (22) , then rose again as the length continued to decrease in immunomers 23 and 24 (Fig. 3B) . The control immunomer 26, which has a GpC dinucleotide, induced minimal levels of cytokines in the same assays (Fig. 3 and data not shown), suggesting that a CpG dinucleotide is required for immunostimulatory activity.
Nucleic Acids
We also tested immunomers 10, 11, 15, and 20±25 for their ability to induce spleen enlargement in BALB/c mice. Following subcutaneous administration at a dose of 5 mg/ kg, spleen weights were measured after 4 days as described in the Materials and Methods. Increases in spleen weight in excess of that produced by vehicle (PBS) are considered the result of immunostimulatory activity of immunomers (16, 29) . The splenomegaly data are presented in Figure 3C . CpG DNA 10 caused a 40% increase in spleen weight compared with control mice treated with vehicle. Immunomers containing glyceryl-linker (2) and different chain lengths are more potent immunostimulators and caused 83±135% increases in spleen weights. These splenomegaly assays also suggest that immunomer 22 with 11mer segments is optimal for inducing higher immunostimulatory activity as determined by in vitro assays.
In addition, we also examined the ability of immunomers 20±26 to induce IL-12 and IL-6 secretion in macrophagelike J774 cell cultures. All immunomers tested induced a concentration-dependent cytokine secretion (data not shown). As shown in Figure 4 , immunomer 22 induced the highest levels of IL-12 and IL-6 secretion at 3 mg/ml concentration in J774 cell cultures further con®rming the results obtained from BALB/c mouse spleen cell culture assays. Importantly, shorter immunomers with 9-and 8-nt segments also showed immunostimulatory activity in BALB/c mouse spleen and J774 cell culture and splenomegaly assays compared with parent linear CpG DNA 10, whereas the linear CpG DNAs of the same length completely failed to show activity in these assays.
Effect of nature and length of linker on immunostimulatory activity
After establishing the optimal length for immunomers, we used linkers 1 and 4±9 (Fig. 1A) for tethering the two segments of immunomers to compare immunostimulatory activity. All immunomers (27±33), had 10-nt long segments (Table 1 ) and induced concentration-dependent cytokine secretion in BALB/c mouse spleen cell cultures ( Table 3 ). The levels of IL-12 and IL-6 induced by immunomers 10, 18 and 27±33 in spleen cell cultures at a concentration of 1.0 mg/ml are shown in Figure 5 for comparison. CpG DNA 18, which is an 11mer, failed to induce cytokine secretion in these assays suggesting CpG DNAs as short as 11mers do not induce immune responses. All seven immunomers with different linker groups (27±33) induced increased cytokine secretion. As shown in Figure 5A , IL-12 secretion increased on going from immunomer 27 with no linker, to a C2-linker containing 28 and then to a C3-linker (5) containing 29. Other immmunomers 30±32, which have longer linkers [C4-(6), C12- (7) and hexaethylene glycol-linkers (8)], induced lower IL-12 secretion compared with 28 and 29. Importantly, all seven immunomers induced higher IL-12 than did CpG DNA 10. Immunomer 33, which has a more constrained abasic linker (9), but maintains a similar distance between the two phosphates as in the C3-linker, induced comparable levels of IL-12 secretion as 29. All seven immunomers induced similar or lower IL-6 secretion compared with CpG DNA 10 (Fig. 5B) . These results suggest that a C3-linker is optimal for immunomer construction.
Effect of multiple linkers in immunomers on immunostimulatory activity
Since the use of longer linkers showed reduced immunostimulatory activity, we tested whether incorporation of multiple linkers would be preferable. We synthesized immunomers 34 and 35 with two and three copies of C3-linker (5), respectively, and 36 and 37 with two and three copies of the abasic linker (9), respectively ( Table 1 ). All four immunomers induced concentration-dependent IL-12 and IL-6 secretion in BALB/c mouse spleen cell cultures (Table 4 ). CpG DNA IL-12 (pg/ml) T SD IL-6 (pg/ml) T SD 0.1 mg/ml 0.3 mg/ml 1.0 mg/ml 3.0 mg/ml 0.1 mg/ml 0.3 mg/ml 1.0 mg/ml 3.0 mg/ml When compared at 1.0 mg/ml concentration, the presence of two and three C3-linkers in immunomers 34 and 35 maintained or reduced IL-12 secretion but increased IL-6 secretion considerably compared with one C3-linker containing 29 (Fig. 6 ). These results suggest that it may be possible to modulate cytokine secretion by incorporation of an appropriate number of C3-linkers in immunomers.
The incorporation of multiple abasic linkers in immunomers (36 and 37) reduced both IL-12 and IL-6 secretion compared with 33, which contained a single abasic linker (Fig. 6 ).
5¢ end of CpG DNA is required for activation of NF-kB and subsequent immunostimulatory effects
CpG DNA has been shown to activate a number of signaling pathways, including the NF-kB pathway, which plays a critical role in up-regulation of cytokine gene expression (33) . We studied the activation of NK-kB in J774 cell nuclear extracts by immunomers 10, 22, 38, and 39 (Table 1) using EMSA. Figure 7A shows the results obtained. CpG DNA 10 activated NF-kB as indicated by the presence of a complex in lane 3 as is the case with LPS treated cells in lane 2 (Fig. 7A) . Immunomer 22, which has two 5¢-accessible ends, also activated NF-kB as indicated by the presence of the appropriate complex in lane 5. In contrast, 5¢±5¢-linked immunomer 38 failed to activate the transcription factor NF-kB in J774 cells (lane 4, Fig. 7A) . A 34mer linear CpG DNA (39) with two CpG dinucleotides separated by 18 nt also activated the transcription factor NF-kB (see complex band in lane 6, Fig. 7A ). This suggests that the enhanced activity of immunomer(s) (22) is not as a result of the presence of multiple CpG dinucleotides, but of the presence of accessible 5¢ ends.
Immunomer 38, lacking an accessible 5¢ end, induced 11 T 1 and 7 T 5 pg/ml of IL-12 and IL-6 secretion, respectively, in J774 cell culture assays at 3 mg/ml concentration (Fig. 7B) . This result further con®rms the inability of 38 to activate NFkB in this cell culture system. CpG DNA 39, which has two CpG dinucleotides, induced 35 T 14 and 125 T 10 pg/ml of IL-12 and IL-6, respectively, at a concentration of 3 mg/ml in J774 cell cultures.
DISCUSSION
CpG DNAs have been shown as potential immune adjuvants (34, 35) . Their use as antiallergens (36, 37) and for the treatment of infectious diseases (38, 39) and cancer (40,41) has been demonstrated. Our earlier studies demonstrated that an accessible 5¢ end is required for immunostimulatory activity and the blocking of the 5¢ end by attaching two CpG DNAs via their 5¢ ends abrogates immunostimulatory activity (24, 25) . In the present studies, we examined the use of linkers between CpG DNA strands and the required length of immunomers for optimal immunostimulatory activity. The use of linkers for tethering immunomers permitted development of a fast and convenient parallel synthesis approach for producing immunomers. The use of the parallel synthesis approach resulted in higher yields of the immunomer products with improved purity. The present results support our earlier ®nding that a 3¢±3¢-linked immunomer is a more potent immunostimulator than linear CpG DNA containing one or two CpG dinucleotides (24, 25) . In addition, these results also provided further insight into the immunological effects of CpG DNA and possible molecular basis for recognition of CpG DNA by its receptor. Several studies showed that the presence of multiple CpG dinucleotides increased immunostimulatory activity (42) . Immunomers used here inherently contain at least twice as many CpG dinucleotides per molecule as the parent CpG DNA 10. The higher immunostimulatory activity of immunomer 22 compared with CpG DNA 10 could be as a result of the increased number of CpG dinucleotides per molecule. However, the different activities of 3¢±3¢-and 5¢±5¢-immunomers (with two or three branches) and 34mer CpG DNA 39, containing two or more CpG dinucleotides, in J774 cell cultures for NF-kB activation and cytokine secretion cannot be explained by the multiple CpG dinucleotides in immunomers. Immunomers 13, 38 and CpG DNA 39 (34mer) also contained two or more CpG dinucleotides but showed lower or no activation of NF-kB and less or no induction of cytokine secretion in J774 cell cultures. Taken together, enhanced activity of immunomers results from the 3¢±3¢-linked immunomer structure rather than the number of CpG dinucleotides present.
Upon internalization, CpG DNA is recognized by TLR9 with initiation of the signaling cascade that activates NF-kB and expression of cytokines (43, 44) . However, the molecular mechanism of recognition between CpG DNA and TLR9 is not known. The present results, at least to some extent, suggest that TLR9 reads the CpG DNA sequences from the 5¢ to the 3¢ end. Blocking the 5¢ end by 5¢±5¢-linking of two CpG DNAs abrogates recognition of CpG DNA by TLR9 and subsequent events such as NF-kB activation and cytokine secretion. The blocking of the immunostimulatory activity also depends on the size of the blocking group conjugated at the 5¢ end of the CpG DNA as shown recently (25) . Immunomers having two free 5¢ ends might be recognized by TLR9 at either or both 5¢ ends. The increased immunostimulatory activity of immunomers, however, suggests that they are recognized by the receptors at both 5¢ ends. The failure of 5¢±5¢-linked CpG DNA to activate NF-kB and induce cytokine secretion suggests that the receptor is unable to recognize the molecule lacking an accessible 5¢ end even though it has two appropriate CpG dinucleotides.
In the case of CpG DNA 39, though it has two CpG dinucleotides, it is no more immunostimulatory than a CpG DNA with only a single copy. It appears that the recognition of one of the CpG dinucleotides by the receptor may preclude recognition of the second CpG dinucleotide by a second receptor, because the molecule has a single accessible 5¢ end.
The immunostimulatory activity of different immunomers may be affected by the impact of 3¢±3¢-and 5¢±5¢-linkages on cellular uptake. Our recent cellular uptake studies using the 5¢-or 3¢-end¯uorescein-labeled CpG DNAs in J774 cell cultures suggested that the uptake is not affected by whether the DNA molecule has a free 3¢ or 5¢ end (25) . Therefore, it is reasonable to assume both 3¢±3¢-and 5¢±5¢-linked immunomers are taken up by cells similarly and differences in immunostimulatory activity result from structural effects on receptor recognition and/or binding.
Degradation of oligonucleotides in vivo occurs primarily by 3¢-exonucleases acting from the 3¢ ends (45±47). Blocking groups, ligands or sequences forming secondary structures at the 3¢ end of oligonucleotides increase metabolic stability (48±52). Ligation of two CpG DNAs through their 3¢ ends could enhance nuclease stability and, thereby, immunostimulatory activity in the present study. If so, 5¢±5¢-linked immunomers should have similar or higher nuclease stability compared with CpG DNA 10 as oligonucleotides are also degraded from the 5¢ end though to a lesser extent. However, 5¢±5¢-linked immunomer 38 failed to induce immunostimulatory activity despite expected equal, if not higher, nuclease stability compared with parent CpG DNA 10. Therefore, the data strongly argue that the differences in immunostimulatory activity of 3¢±3¢-and 5¢±5¢-linked DNAs do not arise from differences in nuclease stability or their cellular uptake but from the accessibility to the 5¢ end for receptor recognition and/or binding.
An immunomer with 11-nt segments shows increased immunostimulatory activity. Further reduction in length of immunomers lowered immunostimulatory activity compared with 11mer immunomer, but still maintained similar or higher activity than linear CpG DNA 10 in in vitro and in vivo assays. These results suggest that the receptor requires a certain length of nucleotides for recognition.
CpG DNA stimulates secretion of several cytokines by B cells, macrophages and dendritic cells (5±8). Recently it has been shown that CpG DNAs containing different backbone and sequences elicit different cytokine secretion properties, perhaps through targeting different immune cell populations (53±55). Although the mechanism is not clear, in the present study, we found altered cytokine secretion pro®les by incorporating one or more copies of several linkers but without changing the backbone or sequence of immunomers. For example, incorporation of a single C3-linker (immunomer 29) induced higher levels of IL-12 secretion, which is a Th1 type cytokine. Such an immunomer might be useful for cancer and asthma therapies or as an adjuvant with vaccines, antibodies and allergens. In contrast, when lower levels of IL-12 and higher levels of IL-6 are required, incorporation of two or more C3-linkers is appropriate.
Taken together, the present results suggest that 3¢±3¢-linked CpG DNAs are potent immunostimulators because of the presence of two 5¢-accessible ends for receptor recognition. Additionally, the 3¢±3¢-linkage provides increased stability against nucleases (26, 27, 51) . Linking of CpG DNAs through their 5¢±5¢ ends blocks the immunostimulatory activity, though they possess required CpG dinucleotides in appropriate sequence context, nuclease stability and cellular uptake 
